In this paper, a model-based sliding mode control strategy is suggested for temperature trajectory tracking in batch processes. The convergence property as well as the stability of the sliding mode control system is guaranteed theoretically by means of satisfying a sliding condition. Simulation results reveal that the proposed sliding mode control strategy is a simple and effective approach to batch process control, which provides robust control despite the wide range of operating conditions, plant/model mismatch, and nonlinear dynamics of the system.
INTRODUCTION
Owing to the capability of meeting the need of constantly changing market conditions, batch reactors have been widely used in pharmaceuticals, specialty chemicals and bio-tech related industries for producing small amount of various products with high-added-value. Unlike continuous processes, batch processes do not operate at steady state; they are usually operated to follow a desired trajectory as precisely as possible to realize high value-added products. However, due to their intrinsic nonlinear characteristics, the existence of plant/model mismatch and the lack of steady-state operating conditions, the control of batch reactors presents some of the most interesting and challenge problems for control engineers (Berber, 1996) .
A common approach to batch reactor control problem is that of applying optimal control theory to derive an optimal trajectory and/or optimal control law. An optimal control law thus obtained was then implemented in an open-loop fashion. Because no feedback information is used, the derived open-loop control laws are usually very sensitive to modeling error and disturbances, making the subsequent implementation on actual process often unsuccessful (Foss, 1973) . It therefore requires some more extra effort to modify the open-loop control laws and/or perform tedious on-line fine-tuning. In recent years, the trends in batch reactor control toward the design of control configurations that are able to make the systems follow a predetermined optimal trajectory with using process's feedback information (Kravaris and Chung, 1987; Berber, 1996) . In this direction, several design methodologies have been proposed (Marroquin and Luyben, 1972; Jutan and Uppal, 1984; Cluett et al., 1985; Kravaris and Chung, 1987; Cott and Macchietto, 1989; Peterson et al., 1992; Chen and Peng, 1998; Graichen et al., 2006; Beyer et al., 2008) .
In this paper, we propose a novel model-based sliding mode control strategy for the temperature trajectory tracking of a batch process. The control scheme is theoretically guaranteed through satisfying a sliding condition and is proven to be robust despite the existence of plant/model mismatch and/or process disturbances. In addition, the proposed sliding mode controller design is straightforward and easy-to-use, which utilizes the process's nonlinear model directly in the design and can be implemented along with state observer.
A BATCH REACTOR CONTROL PROBLEM

System Description and Modeling
Let us consider a batch reactor in which the following consecu- respectively. Under the assumption that the density of the reaction liquid is constant and the mixing of the reacting mixture is a perfect one, the mass balances for this system are described as follows:
In above, the temperature-dependencies of the specific reaction rates 1 k and 2 k are respectively represented by the following Arrhenius equations
Besides, under the assumptions that the energy dissipation induced by shaft work is neglected and the heat loss to the surroundings from the surface of the reactor vessel is ignored, the energy balance of this reactor is given by
The set of differential equations, Eqs. Table 1 .
Control Problem Formulation
The product we want to make is the component B and the batch time is one hour. To have a maximum yield of B, a time-optimal temperature trajectory is represented by (Ray and Szekely, 1973) ( ) 
Owing to the combination use of heating and cooling for temperature control, the batch reactor control problem would be an over-determined one. A simple method to solve this problem is to introduce a single parametric variable, u , to express the two manipulated variables simultaneously, which can be defined by (Jutan and Uppal, 1984) ,max ,min ,min ( )
where the maximum and minimum values for s T and c U are chosen from process or safety limits. Then the introduced parametric variable, , u is used as the key control variable for this temperature tracking control problem, which can determine both the heating and cooling rates at a time. Now, by substituting Eqs.
(8) and (9) into Eq. (5) and getting rearrangement, we arrive at
where
Here, it should be noted that the parametric variable u is of no unit and its value is normalized to lie in the range of 0 and 1.
Clearly, 0 u = represents maximum cooling and minimum heating of the system and 1 u = vice versa. With the introduced parametric variable u , the control problem now becomes: 
A SLIDING MODE CONTROL STRATEGY
In recent years, there is an increasing interest in the development of sliding mode controller for the robust control of chemical process systems with uncertainties (Chen and Peng, 2005) . This motivates us to develop a sliding mode controller for the temperature trajectory control of batch processes.
To take into account the model uncertainties, we represent the batch process by the following dynamic equations 
it is concluded that the sliding condition is satisfied.
Here it should be noted that, due to the set point is not stationary, the sliding mode control law is a bit different from the conventional one; the proposed equivalent control part consists the term 
SIMULATIONS AND DISCUSSION
In this section, we shall investigate some more practical aspects of applying the proposed sliding mode control strategy to the above-mentioned batch reactor control problem. Due to that the control input is confined in the range of 0 and 1, we set a nature hard constraint for the generated control inputs.
The presence of unmeasured external disturbance and measurement noise 8th IFAC Symposium on Advanced Control of Chemical Processes Furama Riverfront, Singapore, July 10-13, 2012
The first set of simulations intends to evaluate the disturbance rejection ability of the proposed sliding mode control strategy.
The unmeasured disturbance, w , was added to the right hand side of the process dynamic equation (10). Figure 1 
The presence of plant/model mismatch
To further evaluate the robustness of the proposed sliding mode control strategy, we assume that the process is not only encountered with unmodeled side reaction but also affected by extra unknown process dynamics. These unknown dynamics introduce significantly additional modeling errors to the system, making the uncertainty vectors f Δ and Δg to be of 
Implementation with a sliding observer
In the above simulation studies, we assume all the states are available. In practice, however, it is often not possible to obtain all states of a process via timely on-line measurements, espe- T as follows: we depict in Figure 5 the closed-loop system performance of this batch reactor. Based on the simulation results, it is evident that the proposed scheme implemented along with a sliding observer is an effective and practical approach to the temperature trajectory tracking control of batch process under uncertainties, providing robust and excellent control performance without the need of full-state measurements.
CONCLUSIONS
In this paper, a simple and novel sliding mode control strategy has been proposed for the temperature trajectory tracking control of a batch reactor. The system performance as well as the robust stability of the sliding mode control system is guaranteed by satisfying a sliding condition. Besides, the potential use of a sliding observer along with the sliding mode control strategy has also been investigated through numerical simulations. Extensive simulation results reveal that the proposed sliding mode control strategy is an effective and practical approach to batch process control, which provides robust and excellent control performance without abrupt control inputs. The advantages of the proposed sliding mode control strategy are summarized as follows: (1) it can make use of the process's nonlinear model directly; (2) the model uncertainties can be account into consideration in the design, making the closed-loop control system robust to process uncertainties and parameter perturbations; (3) the implementation of the control strategy is straightforward and easy, and it has great potential to work well along with an observer under the environment that has no full-state measurement.
With its significant controller structure, and excellent and robust performance, we are convinced that the proposed model-based sliding mode control strategy is promising for temperature trajectory tracking control in batch process industries to realize high-added-value products. 
